The hydraulic efficiency conferred by vessels is regarded as one of the key innovations explaining the historical rise of the angiosperms at the expense of the gymnosperms. Few studies, however, have compared the structure and function of xylem and their relationships with foliage traits in evergreen representatives of both groups. We measured sapwood cross-sectional area, conduit diameters, hydraulic conductance, and leaf area of fine branches (2.5-7.5 mm diameter) of five conifers and eight evergreen angiosperm trees in evergreen temperate forests in south-central Chile. Conductance of both lineages was higher at Los Lleuques, a warm temperate site with strong Mediterranean influence, than in a cool temperate rain forest at Puyehue. At a common sapwood cross-sectional area, angiosperm branches at both sites had greater hydraulic conductance (G) than conifers, but similar leaf areas. Branch conductance normalized by subtended leaf area (G L ) at both sites was, therefore, higher in angiosperms than in conifers. Hydraulically weighted mean conduit diameters were much larger in angiosperms than in conifers, although this difference was less marked at Puyehue, the cooler of the two sites. Conduits of the vesselless rain forest angiosperm Drimys winteri J.R. & G. Forst were wider than those of coniferous associates, although narrower than angiosperm vessels. However, G L of D. winteri was within the range of values measured for vesselbearing angiosperms at the same site. The observed differences in xylem structure and function correlate with evidence that evergreen angiosperms have higher average stomatal conductance and photosynthetic capacity than their coniferous associates in southern temperate forests. Comparisons of conifers and angiosperm branches thus suggest that the superior capacity of angiosperm conduits is attributable to the development of higher gas-exchange rates per unit leaf area, rather than to a more extensive leaf area. Results also suggest that the tracheary elements of some vesselless angiosperms differ in width and hydraulic efficiency from conifer tracheids.
Mots-clés:interaction conifères angiospermes, gymnospermes, efficacité hydraulique, aubier, trachéïdes, vaisseaux, Winteraceae.
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Introduction
The development of vessels is held to be one of the key innovations underlying the historical rise of angiosperms at the expense of gymnosperms, and the superior competitive ability of the former in most productive habitats (Bond 1989; Brodribb et al. 2005) . As water transport is proportional to the fourth power of conduit radius (Tyree and Zimmermann 2002) , the wider lumens and open ends of vessels should make the xylem of vesselbearing angiosperms more hydraulically efficient than that of tracheid-bearing conifers and other gymnosperms (Tyree and Ewers 1991; Wang et al. 1992) . Because of the intimate relationship between carbon gain and water loss by leaves, this difference is likely to enable angiosperms to develop higher maximum assimilation and growth rates than conifers (Brodribb et al. 2005) . Considering the lesser vulnerability of narrow conduits to freeze-thaw embolism (Sperry and Sullivan 1992; Davis et al. 1999) , the same differences in xylem anatomy may also explain the continued dominance of conifers at many high latitude and high elevation sites.
Most empirical evidence of the greater hydraulic efficiency of angiosperm xylem comes from the strongly seasonal northern temperate zone (Tyree and Ewers 1991; Wang et al. 1992) . Such comparisons confound taxonomy with leaf habit and leaf life-span, as most northern temperate-zone angiosperms are deciduous and most extant conifers evergreen (Becker 2000) . In strongly seasonal continental climates, deciduous trees are able to develop large-diameter vessels because there is minimal risk of frost during the growing season (Davis et al. 1999) . Fewer hydraulic data are available from temperate maritime regions where evergreen representatives of both lineages coexist (but see Brodribb and Feild 2000) . In maritime temperate climates, the evergreen habit is advantageous for exploiting opportunities for carbon gain, as these are often unpredictably interspersed with freezing conditions (Feild et al. 2002) . Maintaining year-round hydraulic supply to leaves is such environments is likely to require narrower conduits, more resistant to freeze-thaw embolism, with the result that angiosperms' potential hydraulic advantage may be eroded (Brodribb and Feild 2000) .
There is also uncertainty about the relationships of possible differences in hydraulic efficiency to other functional traits relevant to carbon gain at shoot level. Brodribb and Feild (2000) reported that greater hydraulic supply rates in Tasmanian and New Guinean evergreen angiosperms are linked to higher leaf-level gas-exchange rates than those of conifers. Greater hydraulic efficiency could also conceivably enable angiosperms to display larger leaf areas at a given stem diameter (i.e., develop lower Huber values) than conifers (Brodribb et al. 2005) . However, there are still few data with which to test this idea.
We measured sapwood cross-sectional area, conduit diameters, hydraulic conductance, and leaf area of fine branches of conifer and angiosperm trees at two temperate-zone forest sites in south-central Chile. By determining how differences in xylem anatomy and hydraulic efficiency correlate with traits relevant to carbon gain at the shoot level, we aimed to contribute to the understanding of mechanisms underlying the historical rise of the angiosperms, and competitive sorting of the two groups along environmental gradients (Bond 1989; Becker 2000) . We compared data from conifers and angiosperms at two sites differing by ca. 4.5 8C in mean annual temperature, and expected that differences in conduit diameters and hydraulic conductance would be less evident at the colder of the two sites.
Materials and methods
Study sites
Samples were collected between December 2004 and June 2005 at two sites in south-central Chile. Los Lleuques, in the Andean foothills above the town of Chillán, is located at 36852'S, 71828'W, at an elevation of ca. 800 m a.s.l. Mean annual temperature is estimated at about 13 8C, and annual precipitation ca. 2,000 mm, with a marked summer minimum indicative of a strong Mediterranean influence (Almeyda and Sáez 1958 The other site was in montane rain forest in Parque Nacional Puyehue, located at 40839'S, 72811'W, at an elevation of ca. 700 m. Mean annual temperature is estimated at about 8.5 8C, and mean annual rainfall at ca. 3800 mm, with a summer minimum (Almeyda and Sáez 1958 
Sampling
We sampled all conifer species present at both sites (three at Los Lleuques, two at Puyehue), as well as the commonest evergreen angiosperm trees (Table 1) . A total of eight angiosperm species were sampled, included one species present at both sites (N. dombeyi). All species are trees attaining heights >15 m at maturity, with leaf life-spans exceeding 12 months (Lusk et al. 2003) . We anticipated that the inclusion of the vesselless angiosperm D. winteri (Winteraceae) would add an interesting comparative dimension to our study; if vessels make a decisive difference to the hydraulic efficiency of stems, then the hydraulic traits of angiosperms such as D. winteri might be expected to resemble those of conifers (Brodribb and Feild 2000) .
One branch (2.5-7.5 mm diameter) was cut from the outer crown of each of six to 12 individuals of each species. Sampled individuals were in all cases small trees (trunk diameter <30 cm) growing at the forest margin, with easily accessible branches. Immediately after cutting, branches were recut under water 150-250 mm higher, to avoid embolism. Average diameter and length of branches did not differ significantly between conifers and angiosperms (p = 0.48 and p = 0.24, respectively). Most cut branches were ramified.
Conductance and leaf-area measurements
As we were interested in the overall capacity of ramified branches to supply water to leaves, and in comparing scaling of branch size with hydraulic capacity in conifers and angiosperms, we measured hydraulic conductance of the whole branch stem (e.g., Becker et al. 1999) , rather than conductivity of a section. Flow rate of 10 mmol/L KCl solution through branches was measured within 72 h of cutting, at about 20 8C under laboratory conditions. This solution was prepared with deionized water and filtered to 0.2 m. This solution, approximately isotonic with xylem sap, has been shown to give better results than pure water (Sperry et al. 1987; Zwieniecki et al. 2001) . Leaves were excised with a scalpel, and the branch was perfused with KCl solution using a syringe connected to the base with a watertight seal, until guttation was observed at the leaf traces. The base of the branch was then connected with a watertight seal to a fluid column fed by a reservoir elevated to a height of 1 m, providing a constant pressure of 9.8 kPa. The branch was wrapped in polythene film to trap fluid escaping from leaf traces and avoid losses by evaporation, and placed on an electronic balance, which registered KCl solution flux as an increase in sample mass. Measurements were taken when an approximately constant flow was observed for at least 3 min. Hydraulic nomenclature follows the guidelines suggested by Reid et al. (2005) , converting mass of water to volume.
Absolute hydraulic conductance was calculated by dividing the flow rate by the pressure resulting from the height difference between the reservoir and the branch (G = m 3 ÁMPa -1 Ás -1 ). Conductance of stems can be usefully expressed in relation to sapwood cross-sectional area, as an indicator of the hydraulic efficiency of stemwood. After completion of hydraulic measurements, safranin dye (0.1%) was pumped through a short segment cut from the base of the branch, which was then cross-sectioned. The section was photographed with a digital camera mounted on a microscope, and the image processed using the imaging software SigmaScan Pro 5 (SPSS Inc., Chicago, Ill). The cross-sectional area of active xylem was calculated by subtracting the area of the pith and any unstained xylem from the total area.
Normalization of hydraulic conductance by subtended leaf area is another useful way of comparing the efficiency of hydraulic supply in branches of differing sizes (Ewers 1985; Becker et al. 1999) :
where F is the water flow mobilized through the branch ex- pressed in volume (m 3 Ás -1 ), ÁP is the pressure difference along the branch (MPa -1 ), and A L is the leaf area (one-sided, m 2 ) of each branch distal to the point of measurement. The G value of each branch was therefore divided by leaf area, to give G L =m ÁMPa -1 Ás -1 ). Leaf area was measured using SigmaScan 1 Pro 5, after excised leaves were photographed with a digital camera.
Conduit diameters
Conduit lumen diameters were measured on the same section cut from the base of each branch for measuring sapwood cross-sectional area. The image of each section was divided radially into eight sectors; one or two of these sectors were randomly chosen for subsampling. All conduits within each of these chosen sectors were measured, yielding between about 100 to 1500 conduits per sample, depending on species and branch diameter. The widest diameter (a)o f the conduit lumen was recorded, and the diameter perpendicular to it (b). This enabled estimation of the effective hydraulic diameter D h of noncircular conduits according to formulae given in Lewis and Boose (1995) for elliptical vessels:
and for quasi-rectangular tracheids:
We then calculated hydraulically weighted mean conduit diameters for each sample. Diameters were weighted according to the Hagen-Poiseuille Law, which assumes that conductance is proportional to the fourth power of conduit diameter. The hydraulically weighted mean D h was accordingly estimated thus:
where D is individual vessel diameter and N is number of vessels (Tyree and Zimmermann 2002) .
Statistical analysis
We used the statistical package (S)MATR 1 to examine major axis relationships of sapwood crosssectional area with absolute hydraulic conductance G, conduit diameters, and leaf area of branches. This package computes standardized major axis, which minimizes variance from the line in both dimensions, x and y (Sokal and Rohlf 1995; Warton and Weber 2002) , in contrast to the least squares (or ''model I'') regression. This is important when the primary concerns are the slope and intercept of a relationship (such as when comparing bivariate functional relationships among two or more data sets), rather than testing for a significant correlation or predicting one variable from another. Use of least squares regression will give misleading estimates of the slope of such relationships when correlation coefficients are low .
Results
Absolute hydraulic conductance (G) was approximately isometric with sapwood area in both lineages at both Los Lleuques and Puyehue (Fig. 1) . Angiosperm stems conducted, on average, nearly twice as much fluid as conifer stems of the same sapwood area; however, G of both lineages at Los Lleuques averaged about twice that at Puyehue (Fig. 1) .
Conduit diameters of most species were not significantly correlated with sapwood area (i.e., branch size) at either Los Lleuques or Puyehue (Fig. 2) . Conduit diameters were significantly larger in angiosperms than in conifers (Table 2) , although this difference was less marked at Puyehue than at Los Lleuques. Tracheid lumens in the rain forest angiosperms at Puyehue were intermediate in width between those of its coniferous associates and vessel lumens of the other angiosperms (Table 1) . However, the presence of D. winteri at Puyehue was not the only cause of the significant interaction between site and lineage (Table 2) , as conduits of vesselbearing angiosperms were also narrower at Puyehue than at Los Lleuques (Table 1) .
Branch leaf area was significantly correlated with sapwood area in most species at both sites ( Fig. 3) . At both sites, angiosperm and conifer species did not differ, on average, in leaf area at a common sapwood area (Fig. 3) . Mean Huber values did not differ significantly between the two sites or between conifers and angiosperms (Tables 1 and 2) .
G L values differed significantly between sites and between lineages (Table 2 ). There was no evidence that the margin between the two lineages differed between the two sites. Overall, mean G L was much higher at Los Lleuques (0.305 gÁs -1 ÁMPa -1 Ám -2 ) than that at Puyehue (0.184 gÁs -1 ÁMPa -1 Ám -2 ) ( Table 1) . Similar Huber values in the two lineages, despite large differences in hydraulic efficiency of sapwood, meant than G L was, on average, nearly twofold higher in angiosperms than in conifers at both sites (Table 1) . The G L values of the vesselless angiosperm D. winteri fell within the range of values yielded by vesselbearing rain forest angiosperms at Puyehue (Table 1) .
Discussion
At both Los Lleuques and Puyehue, branches of evergreen angiosperms had higher conductance than those of conifers ( Fig. 1; Table 1 ). This is at least partly attributable to the associated difference in conduit diameters, which were consistently larger in angiosperms ( Fig. 2; Table 1 ). Contrary to expectation, a similar twofold difference in conductance between the two lineages was seen at both sites (Fig. 1) . In the only comparable study of temperate-zone evergreen forests that we are aware of, Brodribb and Feild (2000) showed that specific conductivity (rather than conductance) of branch stemwood was higher on average in angiosperms than in conifers, but that this difference was greater at a tropical site in New Caledonia than in cool temperate rain forest in Tasmania, where the two lineages overlapped considerably.
The high conductance of the vesselless angiosperm D. winteri (Table 1) is an apparent challenge to the idea that vessels make a crucial difference to the hydraulic efficiency of stems. This result was unexpected, as Brodribb and Feild (2000) found that specific conductivities of branch stem-wood of vesselless angiosperms in Tasmanian and New Caledonian rain forests are lower than those of vesselbearing angiosperms and similar to those of conifers. The conduits of D. winteri, however, although narrower than most vessels, were wider than the tracheids of its coniferous associates (Table 1) , and Carlquist and Schneider (2002) point out that some features of the tracheary elements of Winteraceae arguably warrant their being considered an intermediate between tracheids and vessels. However, the high conductance measured in D. winteri is also, to some degree, a reflection of the relatively short length of the branches cut from this species. Although the average length of branches did not differ overall between conifers and angiosperms, and there was no significant interspecific variation in branch diameters (ANOVA: p = 0.89), there were species differences in branch length (p = 0.02). Drimys winteri had the shortest branch length of any the study species (Table 1) , and as conductance is negatively affected by path length, the unusual branch allometry of this species may partly account for the unexpectedly high conductance that we measured. Although our sampling procedure does not permit accurate calculation of the hydraulic conductivity (rather than conductance) of branches, the relatively short length of D. winteri branches implies that the hydraulic efficiency of this species would seem less impressive if path length were taken into account.
Site differences in angiosperm hydraulic conductance can be explained by parallel variation in conduit diameters, but this was not so for conifers (Tables 1 and 2 ). Geographic variation in hydraulic conductance has sometimes been linked to the positive relationship of conduit diameters with environmental temperatures (Tyree and Ewers 1991; Sperry and Sullivan 1992) , an idea that fits well with the intersite variation we observed in angiosperms (Table 1) . However, although conifers also showed a twofold difference in conductance between Los Lleuques and Puyehue, tracheid dimensions were similar at the two sites (Table 1) . We can find no obvious explanation for this pattern. As measurements were made under laboratory conditions, temperature-dependent variation in water viscosity should not have influenced the results.
The superior hydraulic efficiency of angiosperm sapwood (Fig. 1) was associated with greater hydraulic conductance per unit leaf area (Tables 1 and 2 ). Brodribb and Feild (2000) , who reported conductivity rather than conductance, found an essentially similar pattern in Tasmanian and New Caledonian evergreen forests. A recent growth experiment with seedlings of three tropical angiosperms and three conifers also reported greater stem hydraulic conductivity per unit leaf area in the former (Brodribb et al. 2005 ). This contrasts with the results of Becker et al. (1999) , who found that shoot conductances of wildling saplings, normalized by leaf area, are broadly similar in three tropical conifers and nine tropical angiosperms. Of the three comparative studies of evergreen angiosperms and conifers that we are aware of, two indicate a more abundant hydraulic supply to leaves in the former lineage. This correlates with the earlier finding that evergreen angiosperms at one of our sites (Los Lleuques) have higher average stomatal conductance and photosynthetic capacity than their coniferous counterparts (Lusk et al. 2003) , although differences in these parameters are much less marked and nonsignificant at Puyehue.
The greater conductance of angiosperm branches was not accompanied by differences in subtended leaf area at a given sapwood area (i.e., there was no generalized difference in Huber values) (Fig. 2) . Brouat et al. (1998) , reanalyzing the data of White (1983) , found that both slope and elevation of the relationship between twig cross-sectional area and subtended leaf area are similar in evergreen angiosperms and conifers. In contrast to data from branches, Brodribb et al. (2005) reported that seedlings of three tropical angiosperms display larger leaf areas at a given diameter than conifer seedlings, especially in well-lit conditions. We (C. Lusk, A. Saldaña and M. Pérez-Millaqueo, unpublished data) also showed that seedlings of temperate-zone evergreen angiosperms develop larger leaf areas under field conditions than their coniferous associates. Controls on stem diameter -leaf area relationships at the seedling stage may therefore differ from those operating on lateral branches of Relationships were significant for all species except L. hirsuta at Los Lleuques (p = 0.23), and W. trichosperma at Puyehue (p = 0.07). At Los Lleuques, standardized major axes showed significant interspecific variation in elevation (p < 0.0001) but not in slope (p = 0.13). G at the grand mean value of sapwood cross-sectional area was significantly higher, on average, in angiosperm species than in conifers (13.8 vs. 7.5 mm 3 Mpa -1 Ás -1 ; p = 0.007). At Puyehue, standardized major axes of species varied significantly in elevation (p = 0.006) but not in slope (p = 0.24). G h at the grand mean value of sapwood crosssectional area was significantly higher in angiosperms than in conifers (6.8 vs. 3.5 mm 3 ÁMPa -1 Ás -1 ; p = 0.03).
adult trees. As efficiency of leaf area display on orthotropic shoots is positively correlated with leaf size (Takenaka 1994; Falster and Westoby 2003) , the small size of most conifer leaves probably constrains the amount of leaf area that can be displayed effectively on the central axis of small seedlings. In contrast, about half of the study species develop plagiotropic lateral branches, which permits close spacing of small leaves with minimal self-shading (Takenaka 1994; King 2005) . Self-shading within branches may thus be less of an issue on the branches used in the present study, and branch diameter -leaf area relationships may be determined as much by mechanical support requirements as by hydraulic supply (Brouat et al. 1998) .
Our results provide further evidence that, irrespective of leaf habit, conifer and angiosperm trees tend to differ in hydraulic efficiency. Although the hydraulic differences reported in our study are less pronounced than those separating deciduous angiosperms and evergreen conifers in northern temperate-zone forests (Becker 2000; see Fig. 4) , their linkage to differences in leaf-level physiology (Brodribb and Feild 2000; Lusk et al. 2003) suggests they have bearing on ecological interactions between these two lineages in evergreen forests. Apart from the unexpectedly large conduit diameters and conductance of the vesselless angiosperm D. winteri, our principal finding is that, at least at branch level on adult trees, the greater hydraulic efficiency of angiosperm stems appears to be capitalized on closed symbols, conifers). Relationships were significant for all species except A. chilensis (p = 0.30) and P. saligna (p = 0.21) at Los Lleuques, and D. winteri at Puyehue (p = 0.11). At Los Lleuques, standardized major axes showed significant interspecific variation in slope (p < 0.002) and elevation (p < 0.001); however, leaf area at the grand mean value of sapwood cross-sectional area did not differ significantly between angiosperms and conifers (p = 0.86). At Puyehue, there was no significant interspecific variation in slope (p = 0.20) or elevation (p = 0.41) of standardized major axes, and leaf area at the grand mean value of sapwood cross-sectional area did not differ significantly between angiosperms and conifers (p = 0.59).
through more abundant hydraulic supply to leaves (and hence, higher gas-exchange potential), rather than through development of more extensive leaf areas.
